Abstract-Many modern personal devices (cell phones, tablet computer, smart watches, etc.) contain embedded GNSS receivers capable of determining their position with a typical error of around 8-20 meters. Recent improvements to the software and hardware of these devices have given access to the raw GNSS data allowing developers the ability to manipulate and refine the computation of the position solution produced by the embedded GNSS receiver. This paper discusses the implementation of networked differential ground stations in an effort to reduce the error of a GNSS receiver on a mobile device and describe the improvement obtained.
INTRODUCTION
In recent years, the development and use of internet enabled mobile devices with built in Global Navigation Satellite Systems (GNSS) receivers (e.g. cell phones, tablet computers, smart watches, etc.) have seen substantial increases. Correspondingly, the quantity and variety of applications using the GNSS capabilities of these devices have grown to and include domains such as ground vehicle navigation, gaming and pedestrian navigation. However, these devices typically have limited precise positioning capabilities due to minimized Size, Weight, Power and Cost (SWaP-C) for their GNSS antennas and chip sets. Research suggests that the expected position accuracy for a typical mobile device is around 8-20 meters. This error hinders the implementation of applications that require a more precise position, such as establishing drop zones for unmanned aircraft system (UAS) package delivery or high accuracy E911 emergency rescue. Furthermore, any hardware modifications to mobile devices that would increase the SWaP-C of GNSS related components is highly undesirable for the manufacturers of these devices. As such, this work proposes the LOcation Corrections through DIfferential Networks (LOCD-IN) system as a means of increasing the position accuracy of cheap, network enabled mobile devices without making any hardware modifications to the device's equipment.
LOCD-IN uses Global Positioning System (GPS)
pseudorange, code phase and carrier phase (when available) measurements from a mobile device, combined with data provided via a network connection from stationary base stations (similar to systems such as Continuously Operating Reference Stations (CORS) or Networked Transport of RTCM via Internet Protocol (NTRIP)). The raw GPS measurements from the mobile device are refined using established methods to calculate a geo-referenced position with improved accuracy. These established methods may include, but are not limited to, those used for differential GPS, Real-Time Kinematic (RTK) GPS, the Space Based Augmentation System and/or the Ground Based Augmentation System (GBAS) (a.k.a. the Local Area Augmentation System (LAAS) in the US) [1] [2][3] [4] . These methods remove spatially correlated errors (errors common to the measurements of both the mobile and base station) thereby increasing the accuracy of position estimates for the mobile device.
This work focuses on the preliminary development, implementation and testing of the LOCD-IN system as a means of increasing the GPS-based position accuracy of existing mobile devices. A prototype implementation of LOCD-IN is described in which multiple small, relatively cheap (<$300) base stations were constructed and installed around the campus of the NASA Langley Research Center (LaRC). A wireless network and server were also created to aggregate the base stations measurement data and make this data accessible to other devices on the network. Using the reference data, a procedure has been established to estimate and select the base station in the network that will produce the highest quality position corrections for the mobile device. Additionally, a methodology describing the use of various well defined GPS processing techniques to yield corrections for mobile devices with network access. Next, experimental results are presented using an unmodified commercial-of-the-shelf (COTS) tablet computer. These results are discussed and a comparison is made between the positioning capabilities of an un-aided mobile device and the same device using corrections derived from the LOCD-IN system. Lastly, conclusions and planned future work are presented.
II. TEST SETUP AND DATA COLLECTION
To quantify the performance improvement gained by correcting the GPS data of the mobile device, the test setup depicted in Figure 1 was constructed. Three low cost differential GPS base stations were designed and placed on the rooftops of buildings around the campus of the NASA LaRC. The base stations were designed to monitor and log the GPS data from all visible GPS satellites and be capable of transmitting that data over a wireless link. An Android tablet was selected as the mobile device under test on which corrections would be applied, and experiments were designed to collect raw GPS data at various locations around the campus. These locations were selected to evaluate the impact of various sky visibility conditions and varying distances from base stations on the quality of position correction. 
A. Differential Base Stations
The differential base stations were designed to monitor and log raw GPS data as well as make that data available to a remote computer for further processing. The following components were chosen to meet these requirements and to achieve a low SWaP-C: U-blox C94-M8P GPS receiver Swift Nav GPS500 mini survey antenna 12" diameter aluminum ground plate Raspberry Pi embedded computer Ubiquity NanoStation wireless network adapter
The GPS receiver was connected to the Swift Nav antenna and configured to output raw GPS L1 pseudorange and carrier phase measurements. The Raspberry Pi was configured to convert that data into a RINEX format and store the resulting files locally. The Ubiquity NanoStation was used to make those files available over the network. This setup can be seen in Figure 2 .
Figure 2. Components of Base Station.
The locations of the base station antennas were determined using a survey grade RTK GPS system to within an estimated 2.5 cm of error. These coordinates were used as the truth reference from which the measurement corrections were generated.
B. Mobile Device
Currently, only a select number of recently released android devices allow access to the raw GPS measurements of the device. Of these devices, the raw GPS measurement support is limited to pseudoranges with varying support of carrier phase measurements. The Google Nexus 9 tablet, installed on a tripod during a data collection and shown in Figure 3 , was selected for this study for its ability to measure both raw L1 pseudorange and carrier phase measurements. Google's GNSSLogger android application was used on the tablet to capture the raw GNSS measurements [5] . Additionally, several functions from [5] were used in the processing of the data. While most mobile devices do not currently allow access to raw GPS measurements, it is expected that this data will become more readily available in future devices. 
C. Test Locations
Raw GPS measurements were captured using the tablet at 6 locations on and near the NASA LaRC campus. The true location of each of these points was surveyed using the same technique as the base stations with an estimated error of ~2.5 cm. The locations, shown in red in Figure 4 and described in Table 1 , were selected to evaluate the performance of differential corrections on the tablet with varying sky visibility and distance from the base stations depicted in blue. For locations 1 and 2, the view of the sky is partially obstructed by nearby buildings and foliage and are located at varying distances to nearby base stations. Locations 3 and 5 have the most unobstructed views of the sky with location 3 having a large distance to the nearest base station. Location 4 is relatively close to at least one base station with the sky only obstructed by a single nearby building. Location 6, which is not shown in Figure  4 , has the largest baseline distance to the nearest base station and is obstructed only by foliage. Table 1 
D. Test Procedure
The base stations were setup and configured to continuously monitor and log raw GPS measurements. For each test location, the tablet was placed on a tripod and the GNSSLogger application was used to log data for approximately 15 minutes. The GPS data from the tablet, along with the GPS data from the base stations during the 15-minute interval, were offloaded to a computer for post-processing. The ephemeris data used for both base station correction generation and the tablet position solution were obtained through the NASA CDDIS GPS Archive website [6] .
III. METHODOLOGY
In order to determine the error reduction possible using these techniques, pseudorange corrections were generated and applied to the GPS data from the mobile device. The pseudorange corrections from the three base stations were applied to the pseudorange measurements of the tablet resulting in three position solutions. The average error relative to the surveyed true position was then calculated for each of these solutions as well as the uncorrected solution and the solution reported by the tablets chipset. Additionally, a Code Minus Carrier (CMC) analysis, described later in this section, was performed on the data from each base station during the mobile devices observational period. This analysis was used to categorize the amount of error on the code measurements for each base station and help determine which base station should be used to generate corrections. Lastly, a solution was produced by first smoothing the code measurements of tablet using the Carrier Smoothed Code (CSC) technique, described in section D, and applying corrections from the base station showing the least amount of error on its code measurements determined by the CMC analysis. 
A. Base Station Correction Generation
Pseudorange corrections from the base stations were generated for each epoch of data during the tablet's observation at the test locations by applying the process described in [7] . These pseudorange corrections were produced by subtracting the true range to the satellite, calculated using the satellite positions and the surveyed position, from the measured pseudorange of the GPS receiver.
(1) where is the base station correction, is the pseudorange measurement of the base station, is the calculated true range based surveyed location of the base station antenna.
After reception of the corrections by the tablet, they were added to the pseudoranges measured by the tablet for the observational period.
B. Base Station Correction Application
Only pseudorange measurements from satellites that were visible for the entire observational period were used for the mobile devices solution. This was done to remove satellites that weren't consistently tracked and were found to degrade the quality of the solution. Corrections from each base station at the corresponding time epochs were applied to the pseudorange measurements from the tablet's GPS receiver to produce three solutions following the methods described in [7] : (2) where is equal to the corrected pseudorange measurement, is the original pseudorange measurement of the tablet, is the generated base station correction.
C. Code Minus Carrier Analysis
A code minus carrier (CMC) analysis was performed on each base station during the observation period of the mobile device using the technique described in [8] . This was done to assess the error characteristics of the pseudorange measurements at each base station and the results of this analysis were used to determine which base station corrections should be used. For each observation, the standard deviation of the CMC residuals was produced for each satellite. The sum of standard deviation of the CMC residuals was used to identify the base station with the lowest amount of error on its measurements.
D. Carrier Smoothed Code
Finally, the solution was smoothed using the carrier smoothed code technique described in [9] using a smoothing time of 100 seconds: (4) where is the smoothed pseudorange measurement, is the measurement number, is the change in carrier phase measurement, is the corrected pseudorange measurement of the tablet.
IV. RESULTS
The results of the data collected are organized in a tabular format for each test location. The average lateral error and average standard deviation of the positions computed relative to the surveyed truth coordinates are shown with and without corrections from each base station and relative to the position solution reported by the tablet. The sum of standard deviation CMC residuals are listed for each base station. The average lateral error and average standard deviation are shown for the solution reported by the tablet's GPS receiver as well as the smoothed solution using corrections from the base station found to have the lowest sum of standard deviation CMC residuals. For location 1, the solution with the lowest error on the average position was obtained when corrections from base station 3 were applied. This was also the base station with the lowest error on its pseudorange measurements as seen by the sum of STD CMC residuals. When the tablet's solution was smoothed and corrected with corrections from base station 3, a solution was produced with a slight decrease to the average error and a much reduced standard deviation. The error of this smoothed and corrected solution is larger than the position reported by the device, but is an improvement when compared to the uncorrected position. This could possibly be due to the effect of multipath and scattering from the surrounding buildings and foliage at this location. The solution with the lowest average error was obtained using corrections from base station 3, which produced the lowest sum of STD CMC residuals. Using these corrections combined with the aforementioned CSC technique, a lower average error was produced with a substantially improved standard deviation when compared to the uncorrected and reported solutions. The solution with the lowest error for this location was obtained when corrections were applied from base station 1. This base station had the lowest sum of STD CMC residuals of the three. The average error of this solution was less than both the uncorrected and reported device solution's average error. The smoothing and correcting of the positon had minimal impact on the average error of the positon, but improved the standard deviation. Various solutions can be seen below in Figure 6 . The CMC residuals of the three base stations for this location can be seen below in Figure 7 . Each line represents the amount of additional error on the pseudorange measurement for each satellite. The amount of error is visibly lower on measurements from base station 1 compared to base stations 2 and 3. For this location, the average error was lowest on the uncorrected solution. Although, the solution with the next lowest average error was obtained using corrections from the base station with the lowest sum of STD CMC residuals. The average error of this solution was lower than the device reported solution. The standard deviation was reduced when compared to both the uncorrected and device reported solutions. The lack of improvement over the uncorrected solution may be due to multipath error obtained by the nearby building at this location. Various solutions are depicted in Figure 8 below. Further data will be collected at this location to better explain the obtained results. The lowest average error for this location was obtained using corrections from base station 3. This base station had the lowest sum of STD CMC residuals. The average error and standard deviation of the smoothed and corrected solution were both reduced compared to the uncorrected and reported solutions. The solution with the largest improvement was obtained when corrections from base station 1 were applied. This base station had the lowest sum of STD CMC residuals. The average error and standard deviation of the smoothed and corrected position were smaller than both the uncorrected and device reported solutions. 
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V. CONCULSIONS AND FUTURE WORK
For all of the test locations, corrections applied from the base station with the lowest sum of STD CMC residuals over test interval produced a position with reduced average lateral error when compared to the uncorrected solution for all but one location tested. Additionally, the application of the differential corrections has a minimal effect on the standard deviation of the computed position for each test location. This may be due to the high noise of the pseudorange measurements that are not common to the pseudorange measurements obtained from the base stations. However, the smoothing of the pseudoranges using the CSC technique greatly reduced the standard deviation of the solution with little impact to the overall average solution error gained through the differential correction. Thus, when the entirety of the process described in this paper is taken into account, both the average error and standard deviation of a mobile devices' position are typically reduced, and a more accurate and reliable solution made available.
Future work includes the evaluation of the application of differential corrections on a moving mobile device, automation of base station selection and application, further refinement of correction application techniques, and implementation of near real-time corrections.
